Abstract: A series of Inorganic/organic nanocomposites were prepared by blending cage-like carboxyl-bearing polyhedral oligomeric silsesquioxane (carboxyl-POSS) with polymethyl mathacrylate (PMMA) in THF solvent. FTIR and 29 Si-NMR were employed to characterize the structures of the nanocomposites. SEM images showed that the as-prepared films were smooth and no aggregation of carboxyl-POSS was observed. TGA and DSC results showed that the incorporation of small amount of nanosize carboxyl-POSS enhanced the thermal stability of PMMA. When 1.0 wt% of carboxyl-POSS was incorporated into PMMA matrix, the T g and T d increased by 16.9 o C and 21.0 o C, respectively. However, higher POSS contents (>1.0 wt%) would deteriorate the thermal and mechanical properties of the nanocomposites.
Introduction
Organic-inorganic nanocomposites have attracted much attention in the past decade because they may combine the advantages of both traditional organic polymers (e.g., processability and toughness) and inorganic materials (e.g., rigidity and stability) [1] . The successful preparation of organic-inorganic nanocomposites is much related to the even dispersion of inorganic nanoparticles in polymer matrix.
Polyhedral oligomeric silsesquioxane (POSS) is a type of special organosiloxane molecule with general formula (RSiO 1.5 ) n . When n=8, POSS has a cubic cage-like structure with its eight corners connected with organic groups. POSS is generally considered as the minimal SiO 2 particles because of its 0.53 nm of core size [2] . The incorporation of POSS into polymer matrix to form nanocomposites often results in a notable improvement of thermal property of the polymer due to the strong interactions between nanosize POSS and polymer chains. Therefore, POSS/Polymer nanocomposites have become a hotspot in materials sciences [3] .
The methods for preparing POSS/Polymer nanocomposites can generally be classified into two categories as physical blending [4] [5] [6] [7] and chemical copolymerization [8] [9] [10] [11] [12] . The latter one usually takes advantage of the reactive functional groups on POSS corners to copolymerize with organic monomers, insuring the dispersion of POSS cages at molecular level. The physical blending often fails to achieve due to the easy aggregation of inorganic nanoparticles, however, POSS is special. It could have excellent solubility in some organic solvents because of the corner organic groups. In this paper, the facile solution-blending method was adopted. POSS was previously modified to improve its solubility, and then mixed with PMMA in THF to form a homogenous solution. POSS/PMMA nanocomposites were obtained simply by evaporating the solvent.
Results and application
Carboxyl-bearing POSS (carboxyl-POSS) was synthesized via the hydrosilylative reaction between Octahydridosilsesquioxane (H 8 -POSS) and 4-allyloxy benzoic acid (ABA) (Scheme 1). Si-NMR spectra of carboxyl-POSS (Fig. 2 ). There are two resonance peaks at -67 and -85 ppm, which are respectively ascribed to Si-C and Si-H on POSS. Peak at -67 ppm is much higher than peak at -85 ppm, indicating that most Si-Hs have been consumed in the hydrosilylative reaction to form Si-Cs. By calculating the peak area ratio, we estimate that about 7.1 Si-H on each H 8 -POSS cage have been transformed to Si-C, implying that carboxyl-POSS has been successfully synthesized. Si-NMR spectrum of carboxyl-POSS measured from CDCl 3 solutions in a 10-mm glass tube spinning at 20 Hz and using an 8-s pulse delay. are all observed in the FTIR spectra of carboxyl-POSS/PMMA naocomposites, and the Si-O-Si peak becomes larger from carboxyl-POSS/PMMA 0.1% to carboxyl-POSS/PMMA 4.0%, implying that carboxyl-POSS has been incorporated into the PMMA matrix, and carboxyl-POSS/PMMA naocomposites have been successfully prepared.
In preparing POSS-containing nanocomposites, the homogeneous dispersion of POSS cages in the polymeric system is crucial to the properties of the nanocomposites. In order to investigate the morphology or the homogeneity of the resultant nanocomposites, the as-prepared carboxyl-POSS/PMMA mixture solutions were spun on Si wafers to form thin films. It was observed that most prepared films were clear and transparent, suggesting that the nanocomposites are uniform. 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm The morphologies of the nanocomposites were further investigated employing scanning electronic microscopy (SEM). Fig. 4 shows the SEM images of the thin films of carboxyl-POSS/PMMA nanocomposites at a magnifying scale of 10000×. When carboxyl-POSS content is relatively low (less than 1.0 wt%), the thin films are rather smooth and uniform, and no cracks or flaws appear. When content is increased to 4.0 %, however, the aggregation of carboxyl-POSS is observed (Fig. 4c) . The T g of a linear polymer is much related to the interaction strength between polymer chains. The T g 's of carboxyl-POSS/PMMA nanocomposites differ from that of PMMA implies that the incorporation of carboxyl-POSS nanoparticles have changed the original interaction strength in the polymer matrix. When POSS content is less than 1.0 wt%, carboxyl-POSS cages disperse evenly in the system (Fig. 4a,  4b ), enhancing the interactions between POSS cages and PMMA chains due to the strong nanoeffect from POSS. Herein, POSS cages play roles of anchoring points, which restrict the motion of PMMA chains, and therefore promote the T g of carboxyl-POSS/PMMA nanocomposites [13] . In addition, the polar carboxyl groups on the surfaces of POSS cages may have strong hydrogen-bonding interactions with the PMMA chains, providing extra contribution to the increase of T g . When POSS content is higher than 1.0 wt%, however, the T g of carboxyl-POSS/PMMA nanocomposites begin to decrease due to the slight aggregation of POSS cages (Fig. 4c) . The data of tensile strength of carboxyl-POSS/PMMA nanocomposites are presented in Table 1 . As is seen, the incorporation of POSS into PMMA has much influence on the mechanical property of nanocomposites. The PMMA homopolymer has a tensile strength of 21.1 MPa, while that of carboxyl-POSS/PMMA 0.1% is 22.3 MPa. When 1.0 wt% of POSS is incorporated to PMMA, the tensile strength reaches the highest 25.9 MPa, which is 22.7 % larger than that of virgin PMMA. When POSS content is further increased, for example, higher than 2.0 wt%, however, the tensile strength of nanocomposites begins to decrease. This is probably due to the nanoeffect weakening resulting from the aggregation POSS cages.
Conclusions
A series of carboxyl-POSS/PMMA nanocomposites were prepared via solutionblending method. It reveals that when small amount of POSS (less than 1.0 wt%) is incorporated into PMMA homopolymer, the thin films of nanocomposites show rather smooth and uniform surfaces, and POSS molecules evenly dispersed in the PMMA matrix. The thermal properties of carboxyl-POSS/PMMA nanocomposites are substantially improved due to the strong nanoeffect of POSS and the hydrogenbonding interaction between carboxyl groups on POSS cages and PMMA chains. Similarly, the incorporation of POSS into PMMA has much influence on the mechanical property of nanocomposites. When small amount of POSS (for example, 1.0 wt%) is evenly incorporated into PMMA matrix, the tensile strength of the nanocomposites can be elevated as much as 20% compared to virgin PMMA.
Experimental part

Materials
PMMA
(M n ≈45000) was bought from Shanghai Reagent Co. Octahydridosilsesquioxane (H 8 -POSS) was purchased from Amwest Technology Company. Platinum dicyclopentadiene (Pt(dcp), as the catalyst) was synthesized according to the procedures described in Ref. [15] . 4-Allyloxy benzoic acid and 3-bromopropylene were bought from Shanghai Reagent Co. THF and 1,4-dioxane were dried over 4 Å molecular sieves and distilled from sodium benzophenone ketyl immediately prior to use. All other reagents were used without further purification.
Syntheses of 4-allyloxy benzoic acid (ABA)
4-Allyloxy benzoic acid (10 g), NaOH (5 g), KI (1 g), ethanol (150 mL) and water (150 mL) were added to a round-bottom flask and stirred till the dissolution of all solids. 3-bromopropylene (6 mL) was then added and refluxed at 65 o C for 48 h. HCl (10 mL) was added, and the white crystals were filtered out and recrystallized from ethanol. Yield 95%. FTIR (KBr, cm -1 ): 850, 940, 1000, 1250, 1500, 1600, 1680, 2500-3300. 
Syntheses of carboxyl-bearing POSS
Carboxyl-bearing POSS (carboxyl-POSS) was synthesized using a standard Schlenk vacuum-line system under a N 2 atmosphere. Typically, 4.25 g of H 8 -POSS, 1.8 g of ABA and 4 mg of Pt(dcp) were added in a three-necked flask. The system was degassed and purged with N 2 three times. Anhydrous 200 mL of 1,4-dioxane were injected to dissolve the solid. The hydrosilylation was carried out for 8 h at 80 o C under N 2 . The mixture was cooled down to room temperature. The white crystalline powder was filtered out, washed with cyclohexane, and recrystallized from tetrahydrofuran/methanol (1:3) to give white crystal powder.
Preparation of Carboxyl-POSS/PMMA nanocomposites
PMMA and carboxyl-POSS were mixed up with POSS contents of 0.1 %, 0.5 %, 1.0 %, 2.0 % and 4.0 %, respectively, and dissolved in THF. After vigorous stirring for 1 h, most THF was driven off, and further dried under vacuum.
Measurements
FTIR spectra were measured with a spectral resolution of 1 cm -1 on a Nicolet NEXUS 870 FTIR spectrophotometer using KBr powder at room temperature. 29 Si-NMR spectra were carried out using a BRUKER AVANCE/DMX 300 spectrometer. Solution 29 Si-NMR samples were measured from CDCl 3 solutions in a 10-mm glass tube spinning at 20 Hz and using an 8-s pulse delay. The sample solutions also contained a 0.02 M concentration of chromium tris(acetylacetonate) as a spin relaxing agent. All 29 Si-NMR shifts were referenced to tetramethylsilane (TMS). SEM images were obtained on a FEI Sirion 400 microscope. Differential scanning calorimetry (DSC) was performed on a TA Instruments DSC 9000 under a continuous nitrogen purge (50 mL/min). The scan rate was 10 o C/min at a temperature range of 30-300 o C. The glass-transition temperature (T g ) was taken as the midpoint of the specific heat increment. Thermogravimetric analyses (TGA) were carried out using a Perkin-Elmer Pyris 1 thermogravimetric analyzer with a heating rate of 20 o C /min from 30 to 600 o C under a continuous nitrogen purge (100 mL/min). The thermal degradation temperature (T d ) was defined as the temperature of 5% weight lost. Tensile strength was measured on a MTS CMT4204 universal testing machine with a drawing speed of 5 mm/min. The size of test bar was about 40×8×3 mm 3 .
